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Abstract - Optimal asset management in industries 
requires accurate reliability prediction of complex repairable 
systems. A Split System Approach (SSA) has previously been 
presented for predicting the reliability of complex systems 
with multiple Preventive Maintenance (PM) cycles over a 
long term horizon. However, the algorithms in that model 
were derived with an assumption that the same single 
component is always repaired in all PM actions. This paper 
extends the model to a scenario where a different single 
component is repaired each time. This extended model can 
be used to determine the remaining life of the system and to 
describe the changes in reliability with PM actions for this 
scenario. As a result, it can be used to support asset PM 
decision making over the operation and maintenance phase 
of the asset. Assets often have a number of vulnerable 
components, i.e., the lives of these components are much 
shorter than the lives of the rest of the system. An optimal 
time of sequential PM actions of these critical components 
can maximise the useful life of the asset effectively. The 
model developed in this paper can be used to determine this 
optimal PM strategy. 
 
Keywords - Reliability prediction, Production lines, 
Split system approach, Whole life cycle, Preventive 
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I. INTRODUCTION 
Accurately predicting the reliability of complex 
repairable systems over a long period of operation is 
desirable for managing assets optimally. Different models 
have been developed for predicting the reliability of 
repairable systems (see Ref. [1]). These models address 
reliability prediction of repairable systems using different 
approaches and have been applied in different scenarios. 
However, the following two major deficiencies have 
affected the effectiveness of these existing models.  
(1) Different states of repairable systems after 
multiple repairs have not been modelled comprehensively. 
A common approach is to assume that a repairable system 
after repairs becomes “as good as new” [2] or “as bad as 
old” [3]. Some models [4-9] have considered the influence 
of imperfect repairs on the reliability of systems, but these 
models are not very applicable due to the assumptions 
used to develop these models.  
(2) Existing models often treat a repairable system as 
a “black box”, without considering the individual 
contributions of different components to the reliability of 
the system. The authors [10] have previously developed a 
Split System Approach (SSA) to address these two 
deficiencies for Preventive Maintenance (PM) only. The 
SSA was used to predict the reliability of complex 
systems with multiple PM actions and cycles. The basic 
concept of the SSA is to separate repaired and unrepaired 
components within a system virtually when modelling the 
reliability of the system after repairs. This procedure 
assists in analysing reliability at the component level 
instead of the system level. In fact, generally when 
conducting a PM action on a complex system, only some 
of the components are repaired. SSA can be used to 
support long term PM planning. An SSA based 
methodology has also been developed to assist in 
determining the optimal PM strategy for production lines 
(see Ref. “in press” [11]). However, the existing SSA 
based model was developed with an assumption that 
always the same single component is repaired in all PM 
actions. This paper extends the model to the scenario 
where a different single component is repaired in each PM 
action. A case study on the application of the extended 
model in pipeline PM decision support is also introduced.  
The rest of this paper is organised as follows. Section 
2 presents the assumptions that are used in the 
development of the model. Section 3 focuses on model 
development. A numerical example is presented in 
Section 4, and a case study in Section 5. Section 6 
contains the conclusions. 
 
II. ASSUMPTIONS  
In this analysis, the following assumptions are made: 
(1) This paper focuses on the reliability prediction of 
a complex system with multiple PM actions over multiple 
PM cycles. The lead time for these PM actions is a 
deterministic variable. It is either scheduled as in the Time 
Based Preventive Maintenance (TBPM) policy , or 
dynamically determined as in the Reliability Based 
Preventive Maintenance (RBPM) policy (see Ref “in 
press” [11]). 
(2) Multi-component series systems are considered. 
In this case, a system with M components is assumed to 
have m  ( Mm ≤ ) vulnerable components which are 
repaired in PM. All m  repaired components and the 
unrepaired part of the system (subsystem) are connected 
together serially (see Fig. 1). Note that it is not necessary 
for the unrepaired subsystem to be a series system. The 
vulnerable components indicate that these components 
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 have much shorter mean times to failure compared with 
the remainder of the system. 
 
(3) The failures of the repaired components are 
independent of the unrepaired components. This 
assumption means that when a component is repaired, the 
failure distribution of the unrepaired subsystem does not 
change, and the conditions of the subsystem do not affect 
the reliability characteristics of the repaired components.  
(4) The reliability function of a repairable system 
before any repair is known. The reliability functions of the 
repaired components are also known.  
(5) Repair times are ignored. However, the effects of 
repairs on reliability are considered. 
In Fig. 1, ikR )(τ , ( mk ,,2,1 …= ) are the reliability 
functions of the repaired components. isbR )(τ  and 
isR )(τ  are the reliability functions of subsystem (Part sub) 
and system after the ith PM cycle respectively. In this 
paper, the subscript i  is used to stand for “after the ith 
repair”. Subscript 0  stands for no repair. Parameter τ  is a 
relative time scale (refer to Fig. 2). 
 
III. MODEL DEVELOPMENT 
The effect of maintenance can be modelled using 
either the hazard function [12] or reliability function [13, 
14]. In this paper, the reliability function is selected. 
Currently, two types of PM policies are often employed in 
industry. One is the Time Based Preventive Maintenance 
(TBPM) policy. This PM policy requires one to conduct 
PM actions based on scheduled lead times. The other is 
the Reliability Based Preventive Maintenance (RBPM) 
policy. This PM policy requests one to maintain one of m  
vulnerable components whenever the reliability of the 
system falls to a predefined control limit of reliability. 
Normally, the PM sequence of these vulnerable 
components is arranged based on their reliability 
characteristics to ensure the component with the lowest 
reliability at each PM time to be repaired.  
The following analysis is based on the RBPM policy 
because an extension of the analysis outcomes to the 
TBPM policy is straightforward. Components are 
numbered according to their sequences to receive their 
first repair in n  PM cycles so that nm ≤  without losing 
any generality. 
 
Imperfect repairs are considered. The situation of 
imperfect repairs is described in Fig. 2. 
 
Two time coordinates are used in the modelling: 
 
Absolute time scale t: from 0 to infinite. 
Relative time scaleτ : from 0 to ∆ti (i=1, 2, …, n). 
 
 
In Fig. 2, R0 is the required minimum reliability for 
the system. Parameter ∆ti (i=1, 2, …, n) is the interval 
between two PM actions. Parameter ti is the ith PM lead 
time. According to Assumption (5) in Section II, it is also 
the start time for a system to operate again after the ith PM 
action. Therefore,  
 
τ+∆=∑
=
n
i
itt
1
.       (tn< t <tn+1) (1) 
 
Initially, the reliability function of the system can be 
expressed as: 
 
0010 )()()( τττ sbs RRR = . (2) 
 
At time t1, the reliability of the system falls to the 
required minimum level of reliability, R0. If at this time, 
Component 1 is still surviving, it will be preventively 
maintained and its reliability becomes 11 )(τR . As a result, 
the system reliability changes as well. The system 
reliability under the condition that the preventively 
repaired components successfully survive until their 
individual PM times is termed as the conditional 
reliability of the system, and denoted as )(τscR . 
According to Assumption (3) given in Section II, 
when the system is repaired, only the reliability of the 
repaired component changes. The reliability of the 
remainder of the system just before and after this repair 
does not change. Hence, after the first PM action, the 
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Fig. 2.  Changes in the reliability of an imperfectly 
repaired system 
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 conditional reliability of the system, 1)(τscR  is given by 
 
011
0111
1 )(
)()()(
tR
tRRR ssc ∆+
∆+
=
τ
ττ
τ . (3) 
 
In (3), 
011
01
)(
)(
tR
tRs
∆+
∆+
τ
τ
 and 11 )(τR  are the reliability of 
the subsystem and Component 1 after the first PM action. 
Equation (3) does not include the failure probability of 
Component 1 before the PM action. Therefore, it 
represents the conditional reliability of the system only. 
To calculate the reliability function of the system with the 
first PM action, the probability of survival of Component 
1 until t1  must be considered (see Ref. [14]). The 
reliability function of the system with the first PM action 
is given by 
 
10111 )()()( ττ scs RtRR ∆=  
 
01
011
11011 )(
)(
)()( tR
tR
RtR
s ∆+∆+
∆
= τ
τ
τ , (4) 
 
where, 1)(τsR  is the reliability of the system after the 
first PM action. 011 )( tR ∆  is the probability of survival of 
Component 1 until time 1t . 
The conditional reliability changes in a saw tooth 
form as shown in Fig. 2, whereas the reliability of the 
system decreases monotonously. Both the conditional 
reliability and the reliability functions are useful for asset 
PM decision making: the conditional reliability functions 
are used to determine PM intervals when the RBPM 
policy is applied, whereas the reliability functions of 
systems are used to evaluate the effectiveness of different 
PM strategies. From Equation (4), it can be seen that to 
improve the system reliability, i.e., to let 
011 )()( tRR ss ∆+> ττ , the following inequity must hold: 
 
1
)(
)()(
011
11011 >
∆+
∆
tR
RtR
τ
τ . (5) 
 
If Component 1 before and after the first PM action 
has the same exponential distribution, i.e., 
)exp()()( 10111 τλττ −== RR , according to Equation (4), 
011 )()( tRR ss ∆+= ττ . This result means that the system 
after the PM is “as bad as old”, i.e., this PM action cannot 
improve the system reliability. Therefore, in this case, the 
PM of Component 1 should not be conducted. For 
simplicity, in this paper, all PM actions are assumed to be 
effective, i.e., they can improve the system reliability. 
After time 2t∆ , the conditional reliability of the 
system falls to the required minimum level of reliability 
R0 again, and the second PM action is needed. In this PM 
action, either Component 1 or another component (defined 
as Component 2 according to the numbering rule) can be 
preventively maintained. If Component 1 is maintained 
again, the conditional reliability of the system is 
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The reliability of the system is given by 
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If Component 2 is maintained, the conditional 
reliability of the system becomes 
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The reliability of the system is  
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Generally, if m  components are repaired in n  PM 
cycles (actions) and kL  indicates that Component k  
( mk ≤ ) receives its last repair in the Lkth PM action 
( nLk ≤ ), then the conditional reliability function of a 
system after the nth PM cycle is given by  
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In Equation (10), define 0
1
=∆∑
+=
n
Li
i
k
t  when nLk >+1 . 
The reliability of the system can be calculated using a 
heuristic approach. 
 
IV. A NUMERICAL EXAMPLE 
A system is assumed to be composed of three 
identical units. The system will fail whenever one of these 
units fails. The failure time of each unit is assumed to be 
Weibull distributed, and the reliability function of the unit 
)(tRi  ( 3,2,1=i ), is given by 
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])
72
6(exp[)( 8.2−−= ttRi ,   ( 3,2,1=i ). 
 (11) 
 
The measurement of time in Equation (11) is month.  
According to the probability theory, the original 
reliability function of the system without PM is 
 
])
72
6(3exp[)( 8.20
−
−=
ttRs . (12) 
 
The RBPM policy is applied. The PM strategy 
requires the sequential replacement of one of the units 
with an identical new one whenever the reliability of the 
system after a PM action falls to 0.9. The model 
developed in Section III is used to predict the reliability of 
the system over the next 60 months and evaluate the 
effectiveness of this PM strategy. The results are shown in 
Fig. 3. 
From Fig. 3, it can be seen that the system reliability 
(conditional reliability) after the first and second PM 
actions is higher than its reliability before PM, but does 
not restore to a value of 1. These results indicate that the 
system is imperfectly repaired in these two PM actions 
although the repair of each unit is “as good as new” 
because it is replaced by an identical new one. The 
conditional reliability of the system after the third PM 
action becomes higher than the conditional reliability of 
the system after the previous two PM actions because at 
this time all three old units have been replaced by new 
ones. Note that the conditional reliability of the system 
after the third PM action becomes 1 because the units 
have a six-month guarantee life. When the last unit is 
preventively replaced, the other two can still operate 
within their guaranteed life.  
The reliability of the system with PM is higher than 
the reliability without PM, i.e., the PM is effective. For 
example, the system reliability without PM will drop 
below 30% after 60 months, whereas with PM, the 
reliability remains above 70%. However, one should 
remember the cost for this reliability improvement - four 
PM actions.  
The reliability of the system is always lower than its 
conditional reliability due to the effects of the failure 
probability of the units before they are preventively 
replaced. 
V. APPLICATION ASPECT 
The developed model has been successfully used to 
assist in the determination of the optimal PM strategy for 
a water pipeline. This pipeline was built about 20 years 
ago. A statistical analysis of its failure history indicated 
that the pipeline had entered its wear-out stage. Therefore, 
the owner of the pipeline instituted plans to improve its 
reliability through conducting preventive maintenance. 
Since it was a long pipeline, replacement of the entire 
pipeline at the same time was not judged to be feasible 
due to the financial and human resource constraints. A 
reasonable PM strategy is to replace only part of the 
pipeline in each PM action. The pipeline was divided into 
a number of segments and these segments will be 
sequentially replaced by new pipes over a number of years. 
To determine the optimal PM intervals and the length of 
pipeline to be replaced in each PM action, the reliability of 
the entire pipeline must be analysed. This scenario is 
exactly the same as that for developing the model in this 
paper, and hence the newly developed model has been 
used to predict the system reliability of the pipeline over 
the next 4500 days for different PM strategies. An 
example of these analysis results is presented in Fig. 4.  
In Fig. 4, MTTF1 and MTTFs stand for the mean time 
to failure of the segment of pipeline which is replaced in 
each PM action and for the mean time to failure of the 
system (entire pipeline), respectively. From Fig. 4, it can 
be seen that both the RBPM strategy and the TBPM 
strategy could improve the system reliability of the 
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 pipelines, with the TBPM strategy being more efficient 
than the RBPM strategy. However, the PM actions 
required by the TBPM strategy (19 times) are nearly 
double of that required by the RBPM strategy (10 times). 
More PM actions would lead to higher maintenance cost. 
The final selection of the appropriate strategy was 
made after a cost-benefit analysis. The details of this case 
study will be reported in another paper due to the limited 
size of this paper. 
 
VI. CONCLUSION 
The Split System Approach (SSA) can be used to 
predict the reliability of repairable complex systems at the 
component level. This paper has presented the 
development of a reliability prediction model based on 
SSA for the scenario where a different single component 
is preventively maintained in multiple PM actions over 
multiple PM cycles. The newly developed model is an 
extension to the model given in Ref. [10]. The model 
confirms that repairs of complex systems are usually 
imperfect when only parts of the systems are repaired.  
The model is able to predict the reliability of complex 
repairable systems with multiple PM actions over a long 
term horizon, and hence is useful for long term PM 
planning of engineering assets. An engineering asset is 
usually a complex repairable system and often experiences 
several failures and PM actions over its operational life 
span.  
The newly developed model can also be used to 
evaluate the effectiveness of PM actions. To make PM 
actions more effective, the part (or component) which has 
the lowest reliability in a system at each PM action should 
be maintained. 
The model has been developed based on the 
Reliability Based Preventive Maintenance (RBPM) policy. 
When this policy is applied, PM lead times of an asset are 
not constant and need to be determined using the 
conditional reliability function of the asset, i.e., the 
conditional probability of survival of the asset, given that 
it has been preventively maintained.  
When calculating the reliability of a system with PM 
actions over multiple PM cycles, the cumulative effect of 
failure probability of the repaired components over time 
must be considered. Comparisons between different PM 
strategies including the strategy without PM can be used 
to decide the optimal preventive maintenance strategy of 
assets over their whole operational lives in combination 
with cost-benefit analysis.  
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